Glutathione is an important antioxidant found in body fluids and tissues, which inhibit damage to essential cellular constituents caused by reactive oxygen species. The analysis of glutathione levels in biological systems is important in early clinical diagnosis. A novel, cost-effective synthetic strategy has been developed for the fluorescent probe ethylenediamine passivated carbon dots. Tissue paper was chosen as the carbon source for this "green one pot" synthesis. Glutathione could induce quenching of the fluorescence intensity of ethylenediamine passivated carbon dots through surface interactions, resulting from their aggregation. Based on this, a novel fluorescence sensor was fabricated for the determination of Glutathione in body fluids. A linear calibration graph was obtained in the range of 6.0 × 10 -7 to 5.0 × 10 -8 M with a detection limit of 1.74 × 10 -9 M. The developed sensor was successfully used for the determination of glutathione in artificial saliva samples.
Introduction
Antioxidants are present in all body fluids and tissues, which protect our body from endogenously formed free radicals. Their body levels are governed by the balance between the degrees of production and clearance. Dietary derived components (nonprotein thiols and uric acid) and superoxide dismutase, catalase, the glutathione redox cycling enzymes, glutathione peroxidase and glutathione reductase and glutathione can act as biological antioxidants. [1] [2] [3] [4] The development of analytical tools for the determination of antioxidants in biological systems is significant in view of changing life styles.
Glutathione (γ-glutamyl-cysteinyl-glycine; GSH) is a tripeptide composed of three amino acids viz., cysteine, glutamic acid and glycine. It is found at millimolar levels in cells and at micromolar levels in biological fluids. 5 GSH plays an important role in limiting the pathogenesis of many syndromes, such as psoriasis, liver damage, cancer and heart problems. 6, 7 In addition, its crucial role in delaying the process of aging by reducing oxidative stress signifies its importance in the human system. Thus, GSH is indispensable for life, and the analysis of glutathione levels is significant for the early diagnosis of many diseases.
In recent years, fluorescence spectrometry has been evolving as a promising tool for GSH determination [8] [9] [10] due to its simplicity, high sensitivity and low cost. 11 However, most fluorescent probes are based on organic dyes, that have narrow excitation spectra, poor photostability and broad emission bands with red tailing, thus limiting further applications. 12 Since, quantum dots (QDs) overcome these limitations, [13] [14] [15] research on
QDs has increased to a great extent. Carbon quantum dots or carbon dots (CDs) are a special class of carbon nanomaterials with sizes of less than 10 nm. They have special properties, such as high (aqueous) solubility, chemical inertness and high resistance to photo bleaching in comparison with traditional semiconductor quantum dots and organic dyes.
In addition to these advantages, good biocompatibility and low toxicity of CDs make them suitable for bio-imaging, bio-sensing and drug delivery. 16 Currently, various methods like chemical ablation, 17 electrochemical carbonization, 18 laser ablation, 19 microware irradiation 20 and hydrothermal/solvothermal treatment 21 have been used for the synthesis of CDs. Among these, microwave irradiation technique stands out due to its advantages, like increased reaction rates, uniform heating, improved product yields, broad dynamic temperature range and environment friendly nature. 22 However, no reports have been found concerning the green synthesis of CDs from low-cost tissue paper (cellulose) as the carbon source.
This study describes the development of a novel green method for the synthesis of ethylenediamine passivated carbon dots from tissue paper; and it was successfully used for the determination of GSH in artificial saliva samples.
Laboratories Private Ltd, India. Fluorescein was bought from Loba Chemie Private Ltd., India. Tissue paper (for synthesis) was purchased from the local market. All of the other solvents and chemicals used were of analytical grade. Millipore water was used to prepare solutions. A stock solution of GSH (1 × 10 -2 M) was prepared by dissolving it in water, and the desired concentrations were prepared by serial dilution of the stock solution.
Apparatus
Fluorescence spectroscopic studies were carried out using a JAZ-EL-200-X spectrofluorometer, and UV-visible spectra were recorded with a Thermoscientific, Evolution 201, China. TEM images were captured using a JEM-2100 HRTEM. FTIR spectroscopic analysis was conducted with a JASCO-4100, Japan. The particle size and zeta potential were obtained on Zetasizer Nano ZS Series, Malvern Instruments. The fluorescence lifetime was measured using a HORIBA fluorescence lifetime system (Helteapro tm, USA).
Synthesis of ethylenediamine passivated CDs
A new cost-effective and simple "one-pot green" synthesis of ethylenediamine passivated CDs (EDA-CDs) using cellulose as the carbon source is reported here. In the proposed method, microwave irradiation is carried out to speed up the reaction. Surface passivation is necessary for a higher fluorescence intensity. 23 Since ethylenediamine is an effective passivating agent for CDs, it was chosen in the proposed method. Passivation with EDA enhances the fluorescence intensity of CDs.
One gram of tissue paper was taken in to a 100-mL beaker and mixed vigorously with 1 mL of conc. H2SO4. The obtained gel-like material was mixed with 3 mL of EDA. When the mixture stopped giving out fumes, it was irradiated in a domestic microwave oven at 800 W power for 4 min. The product was collected after cooling and dissolved in 25 mL of deionized water. The solution was filtered and centrifuged at 400 rpm and the supernatant solution was taken for further studies. The obtained EDA-CDs were further purified by dialysis. The removal of sulphate ions was confirmed by using BaCl2 solution. The obtained probe solution was diluted to adjust the absorbance below 1 a.u.
UV-vis and fluorescence studies
The absorption (UV-vis) spectrum was obtained by glancing over the sample in a wavelength range from 200 to 900 nm. The emission (fluorescence) spectrum was measured at λex/λem = 400/520 nm. To the CDs solution (0.03 mL of diluted probe solution) taken in a 1 × 1 cm quartz cuvette, the required amount of GSH (0.12 to 0.01 mL of 1 × 10 -5 M) was added for respective sampling, and the total volume was made up to 2 mL by adding an appropriate amount of water so that the concentration of GSH in the resultant solution would be from 6.0 × 10 -7 to 5.0 × 10 -8 M. The spectrum of samples was measured after 5 min. The relative quenching of the fluorescence intensity was denoted by (I0/I), where I0 and I are the fluorescence intensities obtained with and without GSH, respectively.
Measurement of GSH in artificial saliva samples
Artificial saliva samples were prepared by following the Macknight-Hane and Whitford formula. 24 Due to viscosity problems, sorbitol was not included in the preparation. 24 The saliva samples were spiked with a GSH solution within the dynamic range (6.0 × 10 -7 to 5.0 × 10 -8 M) of the proposed method. Samples containing GSH were used for further analysis, and the amount of GSH was estimated from the linear calibration graph. For comparison, the concentrations of GSH in artificial saliva samples were also determined using Ellman's colorimetric test under the same conditions. 25 
Results and Discussion

Characteristics of ethylenediamine passivated CDs
The synthesized EDA-CDs were characterized by DLS, TEM, UV/vis absorption and fluorescence spectroscopy. The UV/vis absorption spectrum of CDs exhibited a broad peak with maximum absorption at 335 nm (Fig. 1a) . In the emission spectrum (excitation wavelength 400 nm), an intense peak centered at 490 nm was observed (Fig. 1b) . The fluorescence intensity of EDA-CDs was enhanced around 20 times to that of bare CDs (without passivation). This may be due to the effective surface passivation of EDA on the surface of the CDs. 26 The obtained broad spectrum indicates the presence of a large number of surface defects. 27 Under UV irradiation, the pale-yellow colored solution of EDA-CDs showed a bright blue fluorescence (inset of Fig. 1) .
The TEM image indicates that the synthesized EDA-CDs were spherical and well dispersed, and had an average diameter of 4.2 nm (Fig. 2a) . The lattice spacing determined from TEM image was found to be 0.35 nm (Fig. 2b) ; this may be due to the formation of some graphene QDs (for graphene QDs, lattice spacing was 0.34 nm). The hydrodynamic diameter obtained from DLS analysis was ~7.40 nm. The observed fluorescence lifetime of EDA-CDs was 2.98 × 10 -9 s. Taking fluorescein as the standard, (with a fluorescence quantum yield of 93.00%), the quantum yield of the EDA-CDs was calculated to be 23.66%.
Effect of time on the fluorescence intensity
Under the illumination conditions, the irreversible destruction of the fluorescent probe could be takes place, which could result in a decrease in fluorescence intensity. A study on the variation of the fluorescence intensity with time revealed that the fluorescence intensity of EDA-CDs was stable up to 20 min. Upon the addition of GSH, the fluorescence signal attained stability after 5 min, and remained stable up to 18 min. Further measurements were also made after 5 min of mixing.
Effect of the solvent
To select a suitable medium for studies, the emission properties (stability and intensity) of the probe were studied in different media, like acetate buffer, citrate buffer, phosphate buffer and water. Since the cell environment is always buffered at approximately pH 7, buffers with pH 7 were used for the studies. Table 1 represents the normalized fluorescence intensity and the stability of EDA-CDs in different media studied. The best result was obtained in water, and hence water was chosen as the solvent for the analysis.
Effect of foreign species
A significant property of a good sensor is its selectivity towards a particular species. Among various biological molecules (5 × 10 -7 M) studied, such as β-alanine, L-glycine, L-glutamic acid, L-tyrosine, L-cysteine, L-histidine, L-lysine, L-tryptophan, uric acid and GSH, only GSH effectively quench the fluorescence of EDA-CDs (Fig. 3) . However, L-cysteine, L-histidine and L-tryptophan showed significant signal changes (above 5%) when present above a 50-fold excess concentration (7.5 × 10 -6 M).
Fluorescence quenching of CDs by GSH
The fluorescence intensity of EDA-CDs was quenched by the addition of GSH. A dramatic decrease in the fluorescence intensity of the probe was observed with increasing concentration of GSH (Fig. 4a) . A plot of the ratio of fluorescence intensities (I0/I) against the concentration of GSH shows a linear relationship in the range of 6.0 × 10 -7 to 5.0 × 10 -8 M (R 2 = 0.998) (Fig. 4b) , which follows the Stern-Volmer equation:
Here I and I0 represent the fluorescence intensities of EDA-CDs with and without GSH; [C] is the concentration of GSH and the slope KSV was found to be 1.32 M -1 . The limit of detection and the limit of quantification were calculated to be 1.74 × 10 -9 M and 5.82 × 10 -9 M respectively. The relative standard deviation for the determination of 5.0 × 10 -8 M GSH was 3.8% (n = 5). Table 2 represents a comparison of various fluorescence sensors for the quantification of GSH; it reveals that the proposed sensor exhibited superior sensing performance compared with other reports. The mechanism of quenching Figure 5 shows the absorption spectrum of (a) GSH, (b) EDA-CDs and (c) EDA-CDs in the presence of GSH. From the figure, it is clear that the GSH did not have any absorption in the studied wavelength range. The decrease in the absorbance value of CDs upon the addition of GSH indicates the ground state interactions of analyte (GSH) with probe (EDA-CDs).
The assigned reasons for the fluorescence of CDs are the quantum effect (optical selection of differently sized nanoparticles), 12, 32 defects and surface states. 33 Therefore, a change in the electron density on the surface may alter the fluorescence intensity of QDs. Accordingly, the fluorescence intensity of QDs may increase in the presence of a Lewis base and a decrease in the presence of a Lewis acid. [34] [35] [36] The observed quenching of fluorescence intensity of EDA-CDs in the presence of GSH may be due to the Lewis acid nature of the thiol group in GSH. The hydrophilic thiols decrease the fluorescence intensity by replacing the amine species from the surface of the QDs. 37, 38 Here, the replacement of ethylene diamine molecules may have occurred by the addition of GSH, which is evident from FTIR, i.e., the -SH stretching band (2539.54 cm -1 ) in the GSH is vanished when it was mixed with EDA-CDs (Fig. 6 ). This result is attributed to the formation of "surface"-sulfur bonds.
The zeta potential gives information about the stability of the colloidal system (probe) as well as its surface effects. 39 Higher value of the zeta potential indicates the stability of the system and the sign of the zeta potential indicates the surface charge (positive or negative). Particles with a low zeta potential value will aggregate. 39 To study the changes in the surface of EDA-CDs upon the addition of GSH, the zeta potential analysis was carried out. The zeta potential value of EDA-CDs obtained before and after the addition of GSH is in support of the proposed mechanism.
Zeta potential of EDA-CDs was -15.7 mV, and that of EDA-CDs + GSH was -6.2 mV. This decrease in the magnitude of zeta potential is indicative of surface effects, like the replacement of ethylene diamine by GSH. Due to a reduction in the surface charges, the CDs come closer and become aggregated.
The hydrodynamic volume (from DLS analysis) obtained after the addition of GSH was much higher (d = 228.4 nm) than that of the probe (d = 7.4 nm). This is also evident from the TEM images, where particles (CDs) are aggregated after the addition of GSH (Fig. 2b) . These observations further confirm the proposed mechanism. The delay in the attainment of stability of the fluorescence signal upon the addition of GSH may also be due to the time lag for aggregation.
Since the cysteinyl part in GSH is the cause for quenching of fluorescence, a similar effect may be expected for L-cysteine. However, the L-cysteine mediated quenching was not as pronounced as that of GSH. Again, DLS analysis was carried out to understand the extent of aggregation. The addition of L-cysteine also increased the hydrodynamic volume of EDACDs, but to a lesser extent (28.9 nm). This result also confirms the proposed mechanism. The observed difference in the quenching effect of L-cysteine and GSH may be due to the influence of neighboring groups of the -SH group.
Application studies
The determination of GSH was carried out in artificially prepared saliva samples spiked with GSH. For a comparison, a colorimetric method has been carried out using Ellmann's reagent; the observed results are presented in Table 3 . The obtained recoveries are in good agreement with those of the colorimetric method.
Conclusions
A "green one-pot" method for the preparation of ethylenediamine passivated carbon quantum dots from tissue paper has been developed and successfully used for the determination of glutathione. Under the optimum conditions, the linear dynamic range was 7 × 10 -7 to 5 × 10 -8 M. The quenching of fluorescence of EDA-CDs upon the addition of GSH allowed for determinations as low as 1.74 × 10 -9 M. Changes in the surface passivating groups can be a possible mechanism for quenching of the fluorescence. The proposed method was successfully applied to spiked artificial saliva samples; the recoveries are in good agreement with the standard colorimetric method. 
